This paper highlights both the current capabilities and the future potential of NX Advanced Simulation to support synchronous multi-user analysis of complex parts and assemblies. Scenarios of time-saving analysis methods will be presented using the current capabilities of NX Advanced Simulation. To gain additional efficiencies we present a roadmap that extends the BYU-developed NXConnect multi-user environment to include NX Advanced Simulation allowing truly synchronous modeling, idealizing, meshing, and constraining of part files. Reflect back to the days when multiple engineers gathered around drafting tables and worked simultaneously on a large J-size drawing; they were not sharing a single mechanical pencil, why are we today still giving our largest most complex parts to just one modeler or analyst?
INTRODUCTION
When a part is passed from design to analysis, an analyst already knows the part, its function, its features, its weak spots, etc. They will know what simulations they'd like to run and where the part is most likely to fail, but they will know relatively little about the CAD model itself. Unfortunately, due to a lack of prior ownership and access to the part, an analyst likely has not even opened the CAD model prior to receiving it. This forces the analyst to either spend time becoming familiar with the model or regenerate the geometry in a way that makes sense to them in order to begin meshing the part. If more than one user could be working in a CAD model at the same time, the analyst could start to become familiar with the model even before they ever receive it. This paper and the research presented seek to find a solution to the current single-user limitations facing engineers today by making NX Advanced Simulation (finite element analysis tool) multi-user compatible. Imagine if an entire team of analysts could work simultaneously within the same FE model to generate its mesh, repair poorly-shaped elements, and remove blends. Many engineers used to gather around a table with a large J-size drawing (see Fig. 1 ); they were not sharing a single mechanical pencil, why are we today still giving our largest most complex parts to just one modeler or analyst? Fig. 1 : A group of engineers working together [5] .
A significant amount of time goes into the modeling, analysis and refinement of huge complex parts with potentially hundreds, if not thousands, of blends, fillets and small features that require refinement or defeaturing before producing the mesh of 1,000,000 to 10's of millions of elements. The cleaning up and refinement of meshed models has been an ever-expanding task especially as the element count grows almost unbounded. The aerospace industry is full of examples of complex analysis. One FAA requirement for jet engine certification is a fan blade off test that looks at the ability of an engine to contain a fan blade in the event that it comes loose during operation. This provides a challenging problem for an analyst due to the high number of components. The mesh shown below in Fig. 2 contains about 17,000 elements and represents a simplified geometry more appropriate for a system-level analysis [4] . What makes this a challenging problem is the potential need for coincident nodes at the many part interfaces and defining the interactions between each part. Our research seeks to make complex finite element analysis a more manageable problem by using the teamed approach already mentioned. NX Advanced Simulation breaks all of the analysis data into four individual files that are connected to each other in an assembly structure. This paper presents a workflow that will keep consistent all of these file links and interdependencies when using NX Advanced Simulation allowing up to four analysts to work on an analysis simultaneously. We will also present an assembly level approach to creating a finite element model in which multiple analysts can simultaneously work on FEM subassemblies of the various components. No add-ons to NX are required for either of these two approaches but both are constrained to having just one user per part. We conclude by presenting a roadmap that extends the BYU developed NXConnect multi-user environment to include NX Advanced Simulation allowing truly synchronous modeling, idealizing, meshing, and constraining of part files. We propose and outline an approach to deploying multiple engineers into a single NX FEM file and employing a teamed approach to the fixing of sliver elements, merging/dividing cells, repairing gaps, etc. BYU has already demonstrated the potential power and increased efficiencies of this strategy in the Cubit mesher developed by Sandia. Using NXConnect to make NX Advanced Simulation multiuser capable represents project time-savings and a more efficient way to collaborate with multiple analysts at the same time. It facilitates idea-sharing and a more efficient work flow.
NX ADVANCED SIMULATION: A POWERFUL TOOL
NX Advanced Simulation is "a modern, high-end analysis environment that you can use to deliver simulation results faster and have a direct impact on product decisions" [7] . It provides a pre and post processor capable of handling a variety of file types. It offers NX Nastran as the solver but the user is free to transfer their simulation data to other industry-leading pre and post processors as desired. Jim Rusk, the VP of Digital Simulation Solutions with Siemens PLM Software identified the following areas of focus for NX Advanced Simulation: [6] · integrating the CAD/CAE environment, · integrating multi-discipline CAE tools, and · managing the simulation process and data. Part of this CAE data integration is made possible because NX Advanced Simulation divides the analysis data into four separate part files that are linked together in an assembly structure. Each part file stores data related to a specific step in the analysis. Each of the file extensions and their main functions are listed in Table 1 Notice that the symbols correspond to the data stored in that respective file. Our research, as presented in the following sections, seeks to leverage the powerfully integrated CAD/CAE environment available in NX Advanced Simulation to perform multi-user analysis. The first scenario shows how three analysts can simultaneously work on a single simulation without using any add-ons to NX. The second scenario shows how assembly FEMs can be used to quickly mesh an entire assembly.
SERIAL VS. PARALLEL WORKFLOW
When a CAD part is ready to be analyzed, it will typically be passed to a single analyst who then works to simplify the geometry by removing blends and small features. This same analyst will then mesh the part and although meshing algorithms are continually improving, poorly-shaped or skewed elements still need to be corrected. This is especially true for large, complex parts. Element by element, the analyst must work to repair, split, and divide poorly-shaped elements such as slivers and triangles. This can be one of the most time-consuming steps in an analysis, especially if just one person is doing all the work. A visual representation of this serial, single-user workflow is shown below in Fig. 3 . This type of a workflow causes a bottleneck in the schedule. What we propose is a parallel workflow that will reduce the amount of time spent preparing a model for analysis. Instead of having just one analyst working at a time, the data integration of NX Advanced Simulation allows for multiple analysts to work simultaneously without any add-ons to NX as long as each analyst is in a separate part file. A visual representation of this serial, single-user workflow is shown below in Fig. 4 . 
Example: Engine Block
We used an engine block to demonstrate the faster, parallel workflow described in the section above. We began by assigning one person to the I.PRT, one person to the FEM and one person to the SIM file.
Before we began working, we discussed what parts of the model would be difficult to mesh and determined which load cases we wanted to run. We sat next to each other in the same room, but in order to simulate a more widespread collaborative effort (in which you are NOT in the same room); we limited ourselves to communication via Google Chat. (see Fig. 5 ). Immediately, the geometry began to be idealized and load cases were being created. Once a portion of the geometry had been idealized, the person in charge of the mesh began meshing that portion. Once more geometry had been idealized, the person meshing the model would "close and reopen" the idealized geometry in order to see the recent changes and begin meshing the new portion. Once the idealization and mesh was complete, the person in charge of defining load cases simply had to reassociate the loads with the newly defined faces. Images of the finished parts are shown below in Fig.  6 . 
Results and Lessons Learned
The team of three students was able to prepare this model for analysis in just 55% of the time that a single-user required! This scenario was also 64% more expensive than a single-user approach because of the uneven workload between files that led to wasted time. For example, creating load cases required much less time than the time it took to idealize the geometry. Another source of wasted time was when the person in charge of the mesh had to wait for a new chunk of the model to be idealized before they could continue working. Special care was taken to avoid breaking the links and interdependencies between part files while working. Due to the fact that each of these parts are connected in an assembly structure, having more than one part open at a time can present problems. For example, if one user tries to save the top level part, each of the modified parts below it in the assembly structure will also be saved by default. This means that anyone who was working on those lower-level parts at the same time will be prevented from saving their work because the top-level part now has write-access and all other users are locked out from saving changes. The following list contains working guidelines that will help avoid errors when saving and working simultaneously:
1. Before beginning to work, divide up the parts and discuss how the part will be meshed. 2. Open a chat window or conference call while working to confirm that it's safe to "save". 3. Change the default "save all modified parts" button in the toolbar to "save work part only". (see Fig. 7 below this list) 4. Change the "ctrl + s" hotkey to "save work part only". 5. Close and reopen other users' files to reflect their saved changes in your own part file. 
ASSEMBLY FEMS
Assembly finite element models (assembly FEMs) are another way to allow multiple analysts to work simultaneously on meshing the various components in an assembly. In the NX Advanced Simulation brochure, it says, "NX Advanced Simulation was developed to create large FE assembly models by instancing and connecting FE component models together, similar to a CAD assembly" [8] . In the "Assembly FEM" lesson of NX Cast (a set of NX tutorials), it describes one of the benefits of this assembly FEM approach: "with Assembly FEMS, you can distribute work among members of a team" [1] . A visual representation of the file structure for an assembly FEM is shown below in Fig. 8 . For example, if I want to run a simulation (the top file shown in Fig. 8 ) on an assembly, each of the FEM files shown on this diagram can store the mesh for each part in that assembly. The AFM file (assembly FEM) is then used to bring all of those meshes together. NX Advanced Simulation offers an extremely versatile file structure to fit the analyst's needs. 
Example: Engine Block Assembly
In this second example, we took advantage of the versatile file structure of NX Advanced Simulation to mesh an engine block assembly (Fig. 9) . Instead of having just one person tackle this task by themselves, we used assembly FEM's to distribute the work among three analysts. One person meshed the crankshaft, one person the piston head, and one person the connecting rod. 
Results and Lessons Learned
This team of three students was able to mesh the assembly 33% faster than a single user! One reason for not having a faster time is the varying skill levels of those generating the mesh. In industry, the experience of seeing how a more seasoned analyst meshes a part can provide invaluable training to other employees on the team. Some components were easier to mesh than others but the assembly isn't meshed until even the most complex component is finished. See Fig. 10 for the completed assembly mesh. Even though the assembly required eight piston heads and eight connecting rods, these parts only had to be meshed once and were then imported multiple times into the assembly FEM file (Fig. 10) . Although not included in this example, the analyst would need to use contact or 1D connection elements to connect the parts together during the simulation. Assembly FEMs proved to be a good way to divide and speed up the work of meshing an assembly. 
PREVIOUS AND CURRENT MULTI-USER RESEARCH AT BYU: NXCONNECT
The examples shown thus far have highlighted the existing data integration and assembly FEM capabilities of NX Advanced Simulation. Both examples were done without any add-ons to NX. Although both scenarios save time and are faster than their single-user alternatives, both are limited to putting just one analyst in each part file. For the past 2 years, BYU has been developing a program called NXConnect as an add-on to Siemens NX. It allows multiple users to access a given part or assembly simultaneously by storing the models in a server-side database, much like Product Lifecycle Management (PLM) software. Unlike PLM software, however, NXConnect tracks ongoing changes to the part, loading and saving those changes as they happen. Multiple engineers can create and edit geometry in parts and assemblies and see the changes others make in real time; combined with communication tools such as text or audio/video chat, design intent can be immediately shared between any number of engineers, as required by the complexity of the model.
Currently NXConnect is only a modeling tool, and cannot be used for other purposes. Functionality for multi-user drafting was tested, but current limitations in the NX Open API (Application Programming Interface) prevented much development in that area. However, the same methodology can be used to add multi-user functionality in any area where the API provides sufficient access, by storing information in and retrieving it from an external database: in this case, multi-user advanced simulation could save and load information about part idealization, meshes, load cases, etc. This would allow multiple analysts to work in the same part file simultaneously and use a teamed approach to simplifying the geometry and repairing poorly-shaped elements.
Managing Bandwidth
A program such as NXConnect requires large amounts of bandwidth. With the advent of more powerful computers, graphic cards, and communication technologies, a shift in engineering collaborative design methodology has begun. Research suggested that CAx tools needed support for real time collaboration [10] , allowing product design to occur across different languages and geography as this is becoming increasingly common [2] . One proven architecture for real time, synchronous, collaborative tools to support this shift in methodology, is CAx Connect, which is built on the same architectures used in Massive Multiplayer Online Role Playing Game (MMORPG) architectures. Massive Multiplayer Online Role Playing Games (MMORPGs) have been around since 1997 [9] . Historically, massive multi-player online games (MMOs) and MMORPGs were built using a simple client/server architecture [3] . Modern MMORPG games use peer-to-peer environments and clusters (network of servers). Most known MMORPGs that exist today are World of Warcraft, EVE Online, and SecondLife, each of which has a unique MMORPG architecture that utilizes a network of servers (Fig.  11) . These networks of servers are able to load balance up to several thousand users at a time, at the cost of supplying the physical machines on which the servers operate. As games become more complex and integrate physics engines and mimic real life graphics, this architecture is able to spread the computation load across multiple servers so that the end user experiences little to no lag, even if thousands of users are logged into the system.
Services were created to support communication between multiple servers, clients, and databases. The services for CAx Connect (Fig. 12) were created by utilizing Nel, an open source game server development tool kit that allows the creation of services which form a cohesive MMORPG data structure for passing information across a network of servers. NXConnect was chosen as the tool to integrate, since it acts as a synchronous collaborative tool which allows multiple users to modify and create CAD features simultaneously across separate geographical regions. NX Features were supported by specifying Simple Object Access Protocol (SOAP) objects that would allow NX Open API features to be serialized and passed to the MMORPG architecture. The architecture was tested and proven to have a more efficient management of bandwidth compared to the previous client-server architecture that NXConnect currently utilized. NXConnect utilizes this architecture to handle load balancing, enabling a significant reduction in bandwidth consumption and providing a scalable framework to provide support.
5.2
Future Work: NXConnect + Advanced Simulation
Imagine having four or five analysts working simultaneously to repair poorly shaped elements, or working together to remove small features in the geometry. A few months ago, NXConnect was not compatible with NX Advanced Simulation; but thanks to recent work, NXConnect now supports the creating and opening of FEM parts. Now, when a FEM part is based off geometry stored in the NXConnect database, that geometry can be correctly imported into the FEM part. Because NXConnect works through the NX Open API, each type of NX Open object (e.g. extrude, tetrahedral mesh, etc.) requires its own NXConnect method. For example, each time a user executes a command in NX, an NX Open object is created. That NX Open object must be converted into an NXConnect database entry, and that database entry must then be translated back into an NX Open object for each user who is working in the part. The required parsers and database tables must be coded individually for each type of NX Open object. Now that FEM parts are supported, the focus is on adding support for each of its executable commands. Support will soon be added for basic tetrahedral mesh creation, as a proof of concept. From there, we will progressively add support for each of the executable commands within NX Advanced Simulation. A few examples of some of the commands for each part are shown below in Fig.  13 . Another topic under study is the optimization of the base NX user interface for use with NXConnect by displaying only supported commands and setting command defaults to supported values. This type of customization could help users more intuitively work in an NXConnect-compatible way until support of all commands is available. Fig. 14 shows the current entry screen for NXConnect Advanced Simulation. NXConnect should support all of the meshing and geometry idealization commands used in the engine block case study by the end of September. The plan is that by the end of 2012, we will have a working version of NXConnect that supports all the standard capabilities of NX Advanced Simulation, making multi-user analysis possible.
CONCLUSION
The technique used in the engine block example of putting one analyst in each of the I.PRT, FEM, and SIM files simultaneously demonstrates how the data integration of NX Advanced Simulation can be leveraged to accelerate the analysis process without any add-ons to NX. The engine block assembly highlighted how the assembly FEM is an easy way to speed up the time-consuming task of meshing an entire assembly. We have proposed and outlined an approach to deploying multiple analysts into a single FEM file and employing a teamed approach to repairing poorly-shaped elements. Using NXConnect to make NX Advanced Simulation truly multi-user compatible represents project timesavings and a more efficient way to collaborate with multiple analysts at the same time. It facilitates idea-sharing and a more efficient, faster work flow.
